Statement 15 16 Nuclei are highly branched throughout the heterogeneous population of healthy 17 epidermal cells that comprise the Xenopus tail fin periphery, and disruption of 18 nuclear branching mechanisms results in improper fin morphology. 19 20 Abstract 21 22 Changes in nuclear morphology contribute to regulation of complex cell 23 properties, including differentiation and tissue elasticity. Perturbations of nuclear 24 morphology are associated with pathologies that include, progeria, cancer, and 25 muscular dystrophy. The mechanisms governing nuclear shape changes in 26 healthy cells remain poorly understood, partially because there are few healthy 27 models of nuclear shape variation. Here, we introduce nuclear branching in 28 epidermal fin cells of Xenopus tropicalis as a model for extreme variation of 29 nuclear morphology in a diverse population of healthy cells. We find that nuclear 30 branching arises and elaborates during embryonic development. They contain 31 broadly distributed marks of transcriptionally active chromatin and 32 heterochromatin and have active cell cycles. We find that nuclear branches are 33 disrupted by loss of filamentous actin and depend on epidermal expression of the 34 nuclear lamina protein Lamin B1. Inhibition of nuclear branching disrupts fin 35 morphology, suggesting that nuclear branching may be involved in fin 36 development. This study introduces the nuclei of the fin as a powerful new model 37 for extreme nuclear morphology in healthy cells to complement studies of nuclear 38 shape variation in pathological contexts. 39 40
targeted sgRNA, Lmnb1-roddominant-negative Lamin B1 containing only the distribution of DNA in the fin marginal cells (Fig. 1A) . Although examples of 139 potentially branched nuclear morphologies can be observed in earlier literature, 140 these have not been described in detail (Davis and Kirschner, 2000) . Our first 141 goal was to establish whether branching was confined to chromatin or was 142 shared by the nuclear lumen and envelope (Fig. 1B) . To this end, cleavage-stage 143 embryos were injected with either a cocktail of h2b-rfp and lmnb3-gfp mRNA to 144 label histones (chromatin) and the nuclear lamina respectively, or with GFP 145 bearing a nuclear localization signal (Nuclear GFP) (Fig. 1C ). Tadpoles were 146 reared to NF stage 41 and then live images were taken in the anterior-most third 147 processes that would be reflected in nuclear envelope breakdown, low 201 mitochondrial numbers or loss of mitochondrial cristae. 202 203 TEM did reveal some atypical features in branched nuclei, including a lack of 204 well-defined regions of perinuclear increased electron density in micrographs that 205 would be indicative of heterochromatic regions, or of clear identifiable nucleoli 206 ( Fig. 2A ). To determine if there were nucleoli present in nuclear branches we 207 analyzed localization of the nucleolar marker fibrillarin (Brangwynne et al., 2011) . 208
We found that cells with branched nuclei did contain foci of fibrillarin ( Fig. 2C) , 209
suggesting the presence of nucleoli, and that the average number of foci per 210 nucleus did not change between branched (1.60) and unbranched nuclei (1.69) 211 ( Fig. 2D ). We did note that foci of fibrillarin did not correspond to apparent foci of 212
H2B. 213 214
To better understand whether cells with branched nuclei contain both active and 215 inactive chromatin domains, we used immunofluorescence and live imaging to 216 examine the distribution of histone modifications associated with active 217 enhancers (H3K27ac and H3K4me1), and heterochromatin (H3K9me3 and 218 HP1β).Using immunofluorescence we find H3K27ac, H3K4me1, and H3K9me3 219 are all distributed broadly in branched nuclei at NF stage 41 ( Fig. 2E) ; the 220 distribution appears uniform for H3K27ac, but H3K9me3 appeared more 221 concentrated in foci, and H3K4me1 may be excluded from some regions of the 222 nuclear periphery. To better characterize the distribution of heterochromatin, we 223 used a GFP fusion of the heterochromatin binding protein HP1β (Mattout et al., 224 2015b). We find that HP1β-GFP broadly co-localizes with H2B ( Fig. 2F To better characterize nuclear envelope and chromatin dynamics through 251 mitosis, we conducted live imaging using H2B-RFP and membrane-GFP to track 252 individual nuclei throughout mitosis ( Fig. 3B , Movie 1). These confirmed our initial 253 observations that nuclei are initially branched, formed morphologically normal 254 metaphase plates that segregate into two well-defined populations at anaphase, 255
and are re-enclosed by the nuclear envelope following telophase, with the 256 nucleus beginning to re-form branches approximately 21 minutes after 257 cytokinesis (Movie 1). Nuclear branching patterns in daughter cells do not 258 typically recapitulate those of the mother cell, nor do both daughters show the 259 same branching patterns. Additionally, branches did not appear to be reabsorbed 260 once formed after the completion of mitosis but did exhibit some dynamic motion 261 within the branches. In nuclei not undergoing mitosis, the number and relative positions of branches can remain stable for two hours or more. Both fixed and live imaging therefore demonstrate that branched nuclei are able to undergo 264 mitosis. (Data not shown). Together this suggests that loss of branches decreases the 314 amount of nuclear membrane (surface area) relative to the volume. However, the 315 lack of change in nuclear depth suggests that actin is not suppling a compressive 316 force causing branches to form, but rather pushing, or pulling forces. 317
318
To confirm that loss of nuclear branches was not specific to Lat B treatment we 319 utilized Cytochalasin D (Cyto D), which inhibits actin polymerization and has also 320 been shown to disrupt other actin-dependent processes in Xenopus (Lee and ( Fig. 4F ).
We next asked whether microtubules contributed to nuclear branches, as they 326 have been shown to play a role in maintaining nuclear morphology(Tariq et al., 327 2017). We utilized the microtubule polymerization inhibitor nocodazole at non-328 lethal doses (Dutta and Kumar Sinha, 2015). While nocodazole treatment 329 noticeable disrupts spindle formation in tadpoles, it does not affect nuclear 330 morphology relative to DMSO-treated controls (Fig. 4G) . 331
332
We quantified changes in nuclear morphology for all cytoskeleton perturbations 333 using the circularity measurement on ImageJ (see methods, Fig. S2 ). We found 334 there was a statistically significant increase in epidermal nuclear circularity when 335 tadpoles were treated with either Cyto D or Lat B, but not Nocodazole ( Fig. 4H ). 336
These results indicate that nuclear branches require intact actin filaments for 337 their maintenance, but not polymerized microtubules. We first sought to determine whether any of these components were 350 preferentially enriched or depleted in fin marginal cells containing branched 351 nuclei. To this end, we isolated fin margin tissue or whole embryo tissue, and 352 quantified expression of lmnb1, lmnb2, and lmna using qRT-PCR ( Fig. S2 ). We To track nuclear and cell morphology, we again co-injected these 360 embryos with mRNAs encoding H2B-RFP and Membrane-GFP. We used high-361
resolution melt analysis to confirm gene-specific mutations (Fig. S2 ). Upon 362 analyzing nuclear morphology in F0 tadpoles at stage 41, we find that only lmnB1 363 mutant embryos (Lmnb1 CRISPR) have markedly reduced branching, instead 364 exhibiting crescent or elongated obloid shapes ( Fig. 5A ). This effect is confined 365
to lmnB1 mutants and is not induced by injection of a scrambled version of the 366 lmnB1 sgRNA (Scrmbl) ( Fig. 5A) . 367
368
To confirm that these effects were intrinsic to epidermal cells, and not secondary 369 to any effect of whole-embryo perturbation, we next targeted our injections 370 specifically to the ventral animal blastomeres at the 8-cell stage, which give rise 371 Lmnb1-rod also exhibited reduced nuclear branching at stage 41 ( Fig. 5A ). We 381 quantified nuclear circularity in LmnB1 perturbed tadpoles and found that 382 epidermal cells in LmnB1 CRISPR, E-LmnB1 CRISPR, and Lmnb1-rod tadpoles difference between WT and Scrmbl tadpoles (Fig. 5B ). Together these results 385
argue that nuclear branching depends on functional Lamin B1 in the epidermis. were required for nuclear branching in the fin. To this end, we utilized dorsal 397 posterior explants at the neurula stage. These explants give rise to tails with fins 398 that lack muscle (Tucker and Slack, 2004). We then compared the circularity of 399 nuclei in the fin margin of stage matched tadpoles and nuclei in the fin of 400 explants and found no change in circularity (Fig. 6A ). This suggests that the 401 mechanical forces from swimming are not necessary to induce nuclear 402 branching. 403
404
We concluded by investigating the relationship between nuclear branching and 405 development. We observed that tadpoles with lmnb1 mutations had tail defects, 406 sloughing of the fin epidermis, were inefficient swimmers, and developed edema, 407 likely due to decreased locomotion (Fig. 6B, C) . We found that nuclear 408 morphology and fin morphology were correlated; in imnb1 sgRNA-injected 409 tadpoles that had no tail defect, we did not observe changes in nuclear 410 morphology (Fig. S2 ). Tails were statically significantly shorter and narrower in 411 tadpoles with lmnb1 mutations compared to wild type (Fig. 6D, E) . This suggests 412 nucleus, but, loss of actin caused nuclei to increase in circularity, suggesting that 523 by some other mechanism they contribute to nuclear branching. We also found 524 that the loss of actin did not increase nuclear depth suggesting that the extra-525 cellular matrix or other force transmitting molecules cause the flattening of this 526 tissue. We did find that there was a decrease in nuclear surface are to volume 527 ratio when f-actin was lost, as well as a modest decrease in total nuclear volume. 528
These observations both suggest that nuclear envelope distribution, and possibly 529 quantity, are closely linked to f-actin in these nuclei. While it is clear f-actin is DNA plasmids were linearized at appropriate restriction sites (Table 1) and 591 mRNA was transcribed with Sp6 mMessage mMachine kits (Ambion). mRNAs 592 were injected into embryos at the 1-8 cell stage, depending on experiment, with 593 doses indicated in Table 1 
